Waterlogged Wood in Historical Shipwrecks
Long-term preservation of marine archaeological organic artifacts exposed to an indoor museum climate depends on modern analytical techniques for developing a sustainable conservation strategy.
The accumulation of chemical contaminants and the degree of deterioration in the waterlogged archaeological wood is a result of the history of its preserving conditions before excavation. Famous examples are the wrecks of the historical warships Vasa, Stockholm, Sweden, and Mary Rose, Portsmouth, U.K., for which the hull timbers accumulated bacterially transformed reduced sulfur compounds on the seabed, together with iron(II) ions from the corroding iron bolts. [1] [2] [3] [4] [5] Museum objects of waterlogged wood are nowadays mostly impregnated with polyethylene glycol (PEG), a consolidation agent that replaces water in the wood cavities to mechanically stabilize the weakened structure when drying. The Vasa was the first major object to be treated with PEG. 6 However, within its moist oak wood signs of degradation of PEG and hemicellulose, catalyzed by iron(II) ions, have been reported. 7, 8 Modern analytical techniques are valuable for investigating the chemical state and monitoring the mechanical stability of marine archaeological wood in major conserved artifacts, and in particular the development of synchrotron-based X-ray absorption spectroscopic techniques has contributed with new insights. However, such analyses are also important before or at the time when the artifact is removed from an oxygen-depleted seabed environment in order to adapt the conservation treatment to the unique state of each object. In this review some examples of useful techniques for analyzing archaeological wood will be presented and discussed.
X-Ray and Electron Spectroscopic Analyses of Marine Archaeological Wood
Elemental analyses of the wood should be performed as a start to provide quantitative information about elements of interest, especially its content of iron and sulfur. 1, 2 From an archaeological point of view those "contaminating" elements also reflect the history of the object and should be treated accordingly. However, it is important to take into account the following problem: when the object has been removed from the preserving marine environment, the possible reactions of the contaminants in a museum climate may affect the stability of the wood, e.g. by iron-catalyzed oxidation reactions or acid hydrolysis of cellulose by acid produced from oxidation of iron sulfides. 5 Further information concerning amount, distribution and speciation of such accumulated compounds is then needed to assess whether, in such a case, they could be safely removed or deactivated.
2·1 X-Ray powder diffraction (XRD)
This technique is used to identify crystalline compounds. Precipitates of iron and sulfate salts, formed as oxidation products of iron(II) sulfides, are frequently found on surfaces of the drying wood, e.g. jarosite KFe3(SO4)2(OH)6, melanterite Fe II SO4·7H2O, rozenite Fe II SO4·4H2O and gypsum CaSO4·2H2O, but also goethite α-FeO·OH, elemental sulfur α-S8, magnetite Fe3O4 and calcite CaCO3. [1] [2] [3] 9 The originally formed iron(II) sulfides, e.g. pyrite FeS2 and pyrrhotite, Fe1-xS, are difficult to identify by XRD when embedded as small particles in the wood, 3 but have been found in samples from the Mary Rose and the Batavia. 2, 9 A second analysis of the sample from the Mary Rose two years later revealed that the sulfides had oxidized mainly to rozenite. 2 X-Ray powder diffraction (XRD) has also been used for analyzing the crystallinity of cellulose and inorganic extractives of milled wood from the ancient shipwrecks found in Pisa, Italy.
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2·2 SEM, XRF and elemental analyses
Scanning electron microscopy (SEM), with modern energy-dispersive X-ray fluorescence detection (EDS), can be used for quantitative elemental analyses at levels as low as 100 ppm, including light elements down to boron, and can determine the distribution of the elements in the wood microstructure with a lateral resolution better than 1 μm for particles and cell walls. Since oxidation states cannot be distinguished, direct speciation of sulfur and iron compounds is not achieved. However, the ratio of inorganic/organic sulfur compounds (see below) is indicated by the fraction of sulfur in lignin-rich parts of the wood microstructure, such as the cell corners, middle lamellae and parts of the cell wall, 5 while the S/Fe ratios in particles indicate their chemical composition (see Fig. 1 ).
X-Ray fluorescence spectroscopy (XRF) is also useful for elemental analysis performed by a line scan along wood cores sampled into the hull timbers. 2, 5, 11 The penetration profiles of sulfur and iron, for example, depend on the exposure and burial conditions of the shipwreck, which may vary considerably even between objects from the same wreck site ( Fig. 2 and Fig. S1 ).
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2·3 Sulfur K-edge XANES
The intense X-ray radiation from synchrotron sources allows very informative analyses of the speciation of sulfur compounds by means of X-ray absorption near edge structure (XANES) spectroscopy; together with scanning X-ray spectro-microscopy (SXM, see 2·4 below) such studies also reveal their distribution in the wood microstructure. At the sulfur K-edge the X-ray absorption spectrum contains features at energies corresponding to excitation of the S(1s) electron to unoccupied molecular orbitals (MOs) with contribution from sulfur p-orbitals. The transition energy at the rising edge shifts considerably, about 13 eV from sulfides(-II) to sulfate(VI). Note that the sulfur oxidation state only indirectly affects the electronic transition energies. The increase in effective charge on the absorbing sulfur atom increases the energy of its bonds and also changes the mix of atomic orbitals in the receiving virtual MOs, and in that way increases the energy and affects the intensity of the transition. 12 Sulfur K-edge XANES spectra were collected in fluorescence mode from the wood of several shipwrecks, including the Vasa and the Mary Rose, 1,2,5 at beamline 6-2, Stanford Synchrotron Radiation Lightsource, SSRL, now replaced by beamline 4-3. Those dedicated beamlines carry most optical components in the same vacuum atmosphere as the SSRL's storage ring, allowing high transmission of X-rays in the 2 to 5 keV energy range, and are equipped with mirrors for efficient rejection of higher order harmonics in a crystal monochromator, which is otherwise difficult to achieve in the soft X-ray regime. The samples were prepared in an inert atmosphere to avoid possible oxidation, mounted on sulfur-free Mylar tape, then covered by thin polypropylene or Ultralene ® film and held in 1 atm helium atmosphere during measurement. The Ultralene ® film is preferable for liquids, as it has higher resistance for penetration and formation of helium bubbles in the sample.
This experimental set-up provides the high quality spectra that are needed for a reliable deconvolution of the experimental absorption peaks, with the selection of standard compounds for modeling the spectra assisted by accurately determined peak positions from 2nd order derivatives, see the example in Fig. 3b . Because the spectral features of a functional sulfur group Fig. 3 Normalized S K-edge XANES spectra from the surface layer (powdered wood from a depth of 0 -3 mm) of a plank from the Danish warship Stora Sofia, which foundered in 1645 outside Gothenburg. Elemental analysis shows 3.0 mass% S and 1.4 mass% Fe. The peak at 2473 eV originates from reduced sulfur species (elemental sulfur α-S8, thiols R-SH, and disulfides R-S-S-R′). The major peak at about 2483 eV is fitted with sulfate ester R-O-SO3 and sulfate SO4 2- . Model compounds used for fitting are (in solution): for disulfides, cystine 10.5% (green; double peak 2472.9 and 2474.4 eV); for thiols, cysteine 18% 2473.6 eV at pH 7 (red line), and 15% in the solid state (blue line); for elemental sulfur, α-S8 14.2% at 2473.0 eV (black); for sulfate ester, myo-inositol hexasulfate 31.2% (pink, double peak 2480.8 and 2482.9 eV); and for sulfate, SO4
2-at pH 6, 11.1% (blue, 2482.6 eV). The estimated standard deviations numerically calculated by the fit are ±1 to 2%, with higher precision for the oxidized forms. The energy scale was calibrated by assigning the first peak position of solid Na2S2O5·5H2O to 2472.02 eV.
(reflecting the transition energies of the electron to the receiving MOs) are influenced by its bonding and surrounding, it is important to choose model compounds in conditions that closely match those of the samples. 12, 13 The S K-edge XANES spectra from wood samples generally display two major composite peaks at about 2473 and 2483 eV (see Fig. 3a ), corresponding to several reduced and oxidized sulfur species, respectively. 14 Principal Component Analysis (PCA) should be applied on series of normalized experimental XANES spectra, for example from samples along a wood core, to establish the number of different types of functional sulfur groups that can be distinguished. By fitting the normalized experimental spectra with a linear combination of normalized S K-edge XANES spectra of standard compounds with similar functional sulfur groups, one can obtain the relative amount of species characterized by their functional sulfur groups. The intensity of the electron transition features is generally much weaker for reduced sulfur functional groups than for oxidized ones. It is therefore important when evaluating their relative amounts that the intensity over the sulfur edge-step is normalized consistently using a uniform approach.
14, 15 The normalization and fitting procedures have been described in detail by Frank et al. 15 An alternative method for internal intensity calibration of the spectra, based on adding a known amount of dimethylsulfoxide into the samples, was recently proposed and the established normalization procedure was questioned. In that study it was reported that "The post-absorption-edge intensity varies a lot between the sulfur compounds". 16 However, that experimental observation of different post-edge intensities in the normalized spectra was probably due to insufficient reduction of harder X-rays from the higher-order harmonics still passing the monochromator crystals, when "detuning" is performed by mis-aligning the double crystals instead of by using a mirror for rejection of harmonics.
In the evaluation procedure it is important to keep in mind that even modest changes in the environment that affect the bonding and the strain of a sulfur functional group may clearly modify or shift its spectral features, because of how it will influence the mixing of atomic orbitals in the receiving MOs. 12, 13, 15 This effect has been studied e.g. for the thiol group in cysteine in comparison with the thioether group of methionine, 13 for coordinated sulfoxides, 13 for cystine and other disulfides, 12, 15 and for ester-bonded sulfates. 15 Marked changes in the spectral features were induced by shifts in the energy positions and intensities of the electronic transitions and related to differences in the local bonding or surrounding. Such possible differences between the functional groups in the samples and in the model compounds mean, for example, that even though the fitting of a double peak that is typical of a sulfate ester with a single C-O-SO3 bond, 15 may work well using the model compound myo-inositol hexasulfate (with peaks at 2480.8 and 2482.9 eV) in combination with sulfate (in solution 2482.6 eV) as in Fig. 3a , the presence in the sample of some amount of sulfonate R-SO3 -with its partly overlapping single feature (model compound e.g. sodium methylsulfonate 2481.2 eV) cannot be completely excluded by the fitting procedure alone. For similar reasons it is difficult to distinguish between thiols and thioethers, as the comparison of the small differences between cysteine and methionine spectra shows. 13 However, a PCA treatment of a series of similar spectra will reveal the number of significant functional groups in the samples and thus the number of model compounds needed for the fitting.
It is important to keep in mind that even if the spectra of the model compounds fit well to the experimental spectra of the samples, as for example when representing thiols (+ thioethers) and disulfides of organically bound sulfur with cysteine and cystine, respectively (see Fig. 3a ), those fitted model compounds are not necessarily the compounds actually present in the wood, as has been assumed e.g., in a recent study of the Mary Rose. 3 The experimental spectra are also affected by the sulfur concentration or by how uniformly the sulfur species are distributed in a sample. In particular, particles of elemental sulfur with radii greater than 1 μm have high self-absorption of the emitted fluorescent X-rays used for detection and give significantly damped features in the absorption spectra. 17 Sulfur species in dilute solution often display sharper peaks than those found for solids, because of self-absorption and also other broadening resonance effects in a sulfur-rich crystal structure. Therefore, the dilute and amorphous organic sulfur components in the wood can favorably be modeled by spectra of standard compounds in dilute solution (< ~50 mM in S). In addition, SEM and SXM analyses show that the sizes of particles of solid inorganic sulfur compounds in wood samples are often well below 1 μm, which implies that distortion of their features in experimental spectra by self-absorption effects normally should not be a severe problem. However, model spectra of solid standard compounds may be affected because it is difficult to obtain particle diameters smaller than about 10 μm by mechanical grinding.
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2·4 Scanning X-ray spectro-microscopy SXM and micro-tomography SR-μCT X-Ray microscopy images with lateral resolution ~0.5 μm, at energies corresponding to reduced and oxidized sulfur with energy resolution of ~0.5 eV, were obtained by scanning X-ray spectro-microscopy (SXM) at beamline ID21, ESRF, Grenoble on wood freshly salvaged from the Mary Rose. Together with S K-edge micro-XANES spectra acquired at precise locations on the samples, the images revealed that reduced organosulfur compounds, mostly thiols and disulfides, accumulate in lignin-rich parts of the wood microstructure (Fig. 4) . Inorganic reduced sulfur compounds, e.g. particles of iron(II) sulfides and pyrite together with elemental sulfur, were found distributed on surfaces and in cavities of the wood structure. 2, 3 Analyses with sulfur XANES and SXM on fresh wood, treated in laboratory experiments to simulate the conditions of shipwreck sites, confirm that the speciation, composition and distribution of sulfur compounds are similar to those in authentic marine-archaeological wood. 4 X-Ray imaging techniques can also be used for evaluating the efficiency of conservation treatments. Synchrotron radiation-micro computer tomography (SR-μCT) was used to visualize the 3D microstructure of wood treated with different consolidation agents, including PEG, to study the distribution, depth of penetration and degree of cavity-filling. 18, 19 
2·5 Iron K-edge XANES and other iron analyses
Fe K-edge XANES has been used to study the dominant iron compounds in situ in wood from the Mary Rose. By combining iron K-edge spectra and micro-images with S K-edge μ-XANES, spatial correlations on a microscopic scale were obtained of iron and sulfur species, 3 while XRF measurements along cores showed the penetration profiles of iron and sulfur, see Fig. S1 , Supporting Information. 2 Brief summaries of the techniques for identification and quantification of Fe-containing minerals in soils and geological materials have been presented by Delaney and Prietzel, including X-ray diffraction, wet chemical fractionation procedures, differential thermal analysis, Mössbauer spectroscopy, electron probes, colorimetry and X-ray photoelectron spectroscopy (XPS).
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2·6 X-Ray photoelectron spectroscopy XPS and ESCA X-Ray photoelectron spectroscopy (XPS) offers quantitative multi-element analysis, extending to the light elements (above helium).
The X-ray induced photoelectron intensity is proportional to the atomic concentration of each element in the surface layer (<100 Å) of the wood sample (see Table S1 , Supporting Information). For samples at increasing depth into the wood, the ESCA (electron spectroscopy for chemical analysis) spectra shows the concentration of reduced and oxidized sulfur species from the two broad composite peaks at 164 and 169 eV, respectively, together with boron from the conservation treatment and silicon from silicates in the sediments (see Fig. S2 , Supporting Information).
1,2 An ESCA analysis is also able to provide an approximate lignin:cellulose ratio from the different signals from C-C/H and C-O bonded carbon atoms (see Fig. S3 , Supporting Information).
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2·7 Stable sulfur isotope analyses
The isotopic composition of sulfur in compounds extracted from the wood can be used to trace their origin. Sulfate-reducing bacteria metabolizing organic material, e.g. carbohydrates from wood where the cellulose has been degraded by erosion bacteria, decrease the fraction of the isotope 34 S in the resulting reduced sulfur compounds. 4, 22 Analyses of the isotopic composition in different fractions of sulfur compounds extracted from a Vasa wood sample in all cases revealed a significant decrease of the 34 S content from the mean value δ 34 S = 21 for marine sulfate. The result strongly suggests that the reduced sulfur compounds and also the oxidized sulfate in the wood originate from bacterially-mediated reduction of seawater sulfate. 4 35 S-labeling studies allow direct comparisons of archaeological wood and adjacent sediment, and can directly address the issue of whether archaeological deposits are actively degraded or preserved in-situ.
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Analyzing the Status of Archaeological Wood
Many methods can be used to provide information on the deterioration and its effect on the mechanical stability of marine archaeological wood; e.g. measurements of total water content, mechanical strength for bending and compression, shrinkage, and wet chemical techniques. 25 Early wood analyses relied upon extraction of cellulose, lignin and resin fractions with organic or aqueous solvents; however, since the composition of the fraction depends on the method, the results became difficult to compare. 26 The following section will highlight some of the main instrumental techniques for analyzing the status of waterlogged archaeological wood.
3·1 Light microscopy (LM)
Light microscopy is a straightforward technique for determining the wood species of a sample. By studying stained wood sections cut in three different directions relative to the wood fibers the type and degree of microbial deterioration can also be identified and characterized. 11, 27, 28 
3·2 Fourier-transform infrared (FT-IR) spectroscopy
FT-IR spectroscopy is a useful technique for analyzing changes related to chemical and biological decay in wood, in a more specific and sensitive way than wet chemical methods and/or gravimetric techniques. [29] [30] [31] By means of a diamond anvil cell it is possible to acquire semi-quantitative spectra related to the peak heights of certain wood components. Softwood and hardwood can be identified from their characteristic lignin components, and the content of lignin (Klason lignin structure) can be determined. 10, 32 The degree of deterioration can be estimated from the relative amounts of cellulose, hemicellulose and lignin, which display characteristic infrared absorption bands in "fingerprint" wavenumber regions from about 1800 to 800 cm -1 . Many reports describe qualitative changes in FT-IR spectra related to decay of wood over long periods of exposure. 33 The PEG content in samples of marine-archaeological wood has also been analyzed with FT-IR, 8 in combination with Raman spectroscopy.
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3·3 Two-dimensional FT-IR imaging
Conventional mid-infrared spectroscopic methods are well established in the study of complex heterogeneous materials like wood; however, FT-IR imaging, which is a relatively new addition to the panoply of spectroscopic techniques, is still not widely used.
A number of measuring techniques like transmission, reflection (specular reflection and attenuated total reflection ATR), diffuse reflection, etc., can be combined with FT-IR microscopy for imaging purposes. The focal plane array (FPA) detector, which can consist of 64 × 64 = 4096 liquid N2 cooled mercury-cadmium-telluride (MCT) detector elements, is then able to collect 4096 spectra simultaneously from a sample area of 350 × 350 μm. As the contrast in the images is produced from absorbance values, maps of functional groups can be visualized for specific infrared absorption bands, allowing spatially resolved chemical analysis in a microscopic field of the wood, see Fig. 5 .
3·4 Size exclusion chromatography (SEC)
Size exclusion chromatography (SEC) is an analytical technique for separating molecules according to their size. From recent wood samples two distinct fractions of cellulose and hemicellulose can be obtained. In archaeological wood the "shift" to lower molecular mass corresponds to a decrease in height of the cellulose peak with a concomitant increase in the other major peak. The change in the molecular weight distribution (MWD) indicates the degree of depolymerization of the cellulose chains. 35, 36 SEC has also been used for determining the molecular mass of PEG. 37, 38 3·5 Gas chromatography (GC-MS) and MALDI-TOF mass spectrometry Gas chromatography with mass spectrometric detection (GC-MS) has been used to quantify the content of acetic acid in archaeological wood, 39 to chemically characterize organic wood extractives and also to chemically characterize compounds derived from lignin degradation. 10 Efforts to analyze the extent of degradation of waterlogged wood without extraction procedures by means of pyrolysis GC-MS have also been made. 25 However, difficulties arise when comparing data obtained from different temperatures and pyroprobes. 31 With MALDI-TOF MS (matrix assisted laser desorption ionization-time of flight mass spectrometry) the consolidation agent PEG has been analyzed for possible signs of degradation after exposing Vasa wood samples to ammonia vapor to neutralize the acids. 40 Similar analyses indicated signs of PEG degradation in oxidative processes catalyzed by iron ions within timbers of different shipwrecks. 8, 38, 41 
3·6 NMR spectroscopy and CP/MAS
In waterlogged wood, the carbohydrates, i.e. the cellulose and in particular the hemicellulose, degrade much faster than lignin, which usually stays rather unaffected. 30, 31, 42 With solid state 13 C NMR that employs cross-polarization and magic-angle spinning (CP/MAS), structural and chemical differences between modern and archaeological wood can be studied both qualitatively and quantitatively. 31, 43 For example, the resonance peaks from hemicellulose at ~21 and ~173 ppm were virtually absent in archaeological ligno-cellulosic material from Greece, indicating the degree and type of degradation (chemical lysis or biodeterioration). 42 CP/MAS 13 C-NMR spectroscopy can also be useful for evaluating possible effects on the cellulose crystallinity in wood samples from shipwrecks exposed to ammonia. 25, 36, 40 The carbohydrate content in waterlogged wood, which is an indicator of the degree of degradation, can be measured by high resolution solid-state 13 C NMR, 43 while the spin-spin relaxation time, T2, of water, measured by proton NMR, was found to correspond to three types of environments correlated to wood cavities of different diameters. 37 
Conclusions
Organic waterlogged artifacts from archaeological excavations are often found to have accumulated sulfur and iron compounds, which become unstable when removed from the oxygen-depleted marine environment. This instability may trigger chemical deterioration processes, in addition to processes (mostly microbial) that already have reduced the mechanical stability of the wood. An array of advanced techniques is nowadays available for the analyses required to develop a strategic plan for how to handle and preserve objects of freshly salvaged marine-archaeological wood, and subsequently to monitor the status of the conserved historical artifacts. Synchrotron-based X-ray absorption spectroscopy recently could reveal unexpected amounts of a diversity of both inorganic and organic reduced sulfur compounds in marine-archaeological timbers from historical shipwrecks; such compounds are now a conservation concern.
However, detailed interpretations of the sulfur speciation in the wood, by fitting the S K-edge XANES spectra with spectra of pure compounds containing different sulfur functional groups, require high quality spectra and should be exercised with caution.
Of particular importance is the discovery of two separate accumulation mechanisms of reduced sulfur compounds originating from bacterially produced hydrogen sulfide, and the subsequent oxidation pathways in waterlogged wood. 4, 5 1) The pathway with organically bound sulfur starts with hydrogen sulfide, produced in situ, reacting with lignin in the wood, forming thiols R-SH. The oxidation end products are sulfate esters R-O-SO3 or sulfonates R-SO3, with disulfides R-S-S-R′ and sulfoxides R2-SO as identifiable intermediates, see Fig. 3 and Ref. 2 .
2) The inorganic oxidation pathway starts with the formation of particles of iron(II) sulfides in wood cavities, e.g. pyrrhotite Fe1-xS and pyrite FeS2, subject to the availability of iron ions from corroding iron objects, and ends with sulfates (from sulfuric acid) with elemental sulfur as a relatively stable intermediate.
2,5,11
Those oxidation processes producing acid in the museum environment are usually catalyzed by iron ions. 41 While it seems possible to slow down the oxidation of the organically bound sulfur by stabilizing the indoor climate, the inorganic iron(II) sulfides are unstable in moist PEG impregnated wood, as found for the historical shipwrecks Vasa, Mary Rose and Batavia. 5 Especially the amount of pyrite residing or remaining in the wood can be difficult to determine from S K-edge XANES spectra because of the overlap by several other reduced sulfur species (cf. Fig. 4 in Ref. 2) . However, a correlation of the relative amounts of sulfur and iron in elemental analyses, as shown in Fig. 2 , can also indicate an initial formation of iron(II) sulfides in the wood.
The results from modern analyses show the need for adaption and development of the present conservation methods. Even though the advanced synchrotron-based spectroscopic techniques described above may not be readily or generally available, other techniques can provide sufficient information. Elemental analyses supply the total amount of elements of interest, X-ray fluorescence scans along cores sampled from the wood show penetration profiles of e.g. sulfur and iron, and X-ray powder diffraction measurements can identify crystalline salts, especially on surfaces. ESCA can provide the amount of reduced and oxidized sulfur and SEM with EDS the micro-distribution, which indicates whether the sulfur compounds are organic or inorganic. Light microscopy, together with a combination of different techniques such as FT-IR, NMR, mass spectrometry and size exclusion chromatography (SEC), are useful to study the chemical and microbial degradation affecting the mechanical stability of the wood.
For already conserved artifacts, the long term preservation of such a complex material as the PEG impregnated waterlogged timbers of shipwrecks containing appreciable amounts of sulfur and iron compounds will eventually make new conservation treatments necessary. For each new discovery of a unique marine-archaeological artifact, a combination of analytical information is needed to develop a specially adapted efficient conservation plan and to provide an estimate of the costs for the treatments needed for long-term preservation if the artifact is salvaged.
Acknowledgements
We 
Supporting Information
X-Ray fluorescence line scan along a wood core from the Mary Rose (Fig. S1) . Results from an ESCA analysis of samples at different depths from a wood core from the Vasa are summarized in Table S1 with Fig. S2 showing oxidized and reduced sulfur forms. The ESCA spectra in Fig. S3 display carbon peaks that mainly correspond to CH2 (lignin) and C-O (cellulose) groups, respectively, along the same core as in Fig. S1 . This material is available free of charge on the Web at http://www.jsac.or.jp/ analsci/.
